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We demonstrate how tryptophanyl-tRNA synthetase
uses conformation-dependent Mg2+ activation to
couple catalysis of tryptophan activation to specific,
functional domain movements. Rate acceleration by
Mg2+ requires 6.0 kcal/mol in protein,Mg2+ inter-
action energy, none of which arises from the active
site. A highly cooperative interaction between Mg2+
and four residues from a remote, conserved motif
that mediates the shear of domain movement (1)
destabilizes the pretransition state conformation,
thereby (2) inducing the Mg2+ to stabilize the transi-
tion state for kcat by 5.0 kcal/mol. Cooperative,
long-range conformational effects on the metal
therefore convert an inactive Mg2+ coordination into
one that can stabilize the transition state if, and
only if, domain motion occurs. Transient, conforma-
tion-dependent Mg2+ activation, analogous to the
escapement in mechanical clocks, explains vectorial
coupling.
INTRODUCTION
We document a mechanism for B. stearothermophilus trypto-
phanyl-tRNA synthetase (TrpRS) that couples the rate of ATP
utilization tightly to functional conformation changes during
tryptophan activation. To our knowledge, this allosteric mecha-
nism is the first shown to efficiently couple rate acceleration to
domain movement. Similar mechanisms, yet to be described,
likely enhance coupling efficiency in a broad range of motor
proteins and other transducing NTPases.
Like other class I aminoacyl-tRNA synthetases and many
transducing NTPases, TrpRS requires one Mg2+ ion for optimal
catalysis. An important, unexpected conclusion from previous
work (Kapustina et al., 2007; Retailleau et al., 2003, 2007;
Weinreb and Carter, 2008; Weinreb et al., 2009) is that catalytic
participation of Mg2+ is quite subtle, requiring protein/metal
interactions to promote the metal from an inactive configuration
to one in which its electrostatic charge can stabilize the transition
state (see Figure 1 of Fothergill et al., 1995). The metal stabilizes
the transition state by DG 6.9 kcal/mol, compared to a total
stabilization of DG 19 kcal/mol (Weinreb and Carter, 2008).128 Structure 20, 128–138, January 11, 2012 ª2012 Elsevier Ltd All rHowever, as Mg2+ contributes only 0.9 kcal/mol to the
uncatalyzed rate (Stockbridge and Wolfenden, 2009), the differ-
ence between metal catalysis with and without the protein,
DDGint,kcat 6 kcal/mol, is the required coupling energy.
Coupling implies (1) linkage of different equilibria, as in using
an exergonic reaction (conformational change) to drive an
endergonic reaction (metal relocation) and (2) cooperativity,
joint action toward a common purpose. The strength of a
coupled interaction is measured by a ‘‘coupling constant,’’ as
between a particle and a field. Multimutant thermodynamic
cycles were introduced by Horovitz and Fersht (1990) and
used by First and Fersht (1995) to measure coupling constants
between individual residues in proteins from free energy differ-
ences between parallel sides in the cycle. Such analysis is
especially useful in analyzing complex higher-order coupling,
as observed here, because significant cooperative effects
can be quantified, even when mutations exhibit significant
compensation.
In TrpRS, Mg2+ is coordinated by three phosphate oxygens of
ATP and two water molecules, making no direct contact with the
protein. Hydrogen bonds from three active-site lysines to phos-
phate oxygen atoms coordinated toMg2+ (Kapustina and Carter,
2006; Kapustina et al., 2007) provide indirect coupling.
Combiningmultimutant cycle analysis withMn2+ forMg2+ substi-
tution, we measured the strength and signs of ground (i.e.,
DDGint,KM) and transition (i.e., DDGint,kcat) state interactions
between the metal and combinations of active-site lysine resi-
dues. Intrinsic effects of all three lysines stabilize the transition
state, as observed for corresponding residues in TyrRS (Fersht,
1987; First and Fersht, 1995). However, net metal-protein
coupling was small and positive (DDGint, kcat = +0.5 kcal/mol;
Weinreb et al., 2009) and does not contribute to the
DDGint, kcat = 6 kcal/mol expected for catalytic assist by
Mg2+. Catalytic TrpRS,Mg2+ interactions therefore must arise
from outside the active site.
Our model (Figure 2 of Weinreb et al., 2009)—(1) weakening
ground-state ATP binding during induced-fit by coupling it to
an unfavorable conformational change; (2) activating the Mg2+
ion by weakening its interaction to the phosphates; (3) using
exergonic domain untwisting to displace adenosine and PPi
binding subsites, stabilizing dissociative character in the transi-
tion state; (4) breaking equivalence between the three Mg2+-
phosphate bonds that crosslink the leaving PPi group to the
a-phosphate; and (5) progressively stabilizing emerging negative
charge on the PPi moiety by Mg2+ as domain untwisting pulls the
leaving group away from the a-phosphate—explicitly articulatedights reserved
Structure
Vectorial Coupling of Catalysis to Domain Motionthe link between differential conformational thermodynamics
and catalysis.
In this work, we confirm two key aspects of this model. We
measure catalytic interactions of Mg2+ with four residues in the
D1 switch, a remote, highly conserved nonpolar motif (Cammer
and Carter, 2010) previously identified as the dynamic fulcrum
for domain movement (Kapustina et al., 2007). Full-factorial
mutagenesis documents that (1) this motif senses the thermody-
namics of the relative domain configuration (Kapustina et al.,
2007). (2) The joint action of the Mg2+ ion and all four residues
creates DDGint, kcat 6.0 kcal/mol of transition state stabiliza-
tion for kcat, accounting for the expected protein,Mg
2+ coupling
energy.
Thus, the D1 switch is a highly cooperative unit, accelerating
catalysis almost exclusively via its effect on the Mg2+ ion. TrpRS
conformational changes reposition the Mg2+ ion, accelerating
ATP-driven tryptophan activation by 104- to 105-fold over the
rate without Mg2+. Conversely, because catalysis by Mg2+
depends entirely on participation of remote residues that
mediate the shear associated with domain movement, the
conformational thermodynamics and kinetic behavior of this
long-range effect afford novel evidence that the elusive elements
of vectorial coupling in motors and other transducing NTPases
actually also occur in simpler enzymes.
RESULTS
Our goals are to (1) perturb the D1 switch with mutations de-
signed by Rosetta (Dantas et al., 2003) to reduce the free energy
gap between the pretransition state (PreTS) and Open/Products
conformations and hence to reduce catalytic efficiency; (2)
experimentally verify expected changes in relative conforma-
tional stabilities; and (3) measure and attribute catalytic changes
quantitatively to mutant combinations and their interactions with
the Mg2+ ion.
These goals extend previous efforts to understand intra-
molecular communication in proteins. Precedents include
experimental studies of differential conformational stabilization
by designed mutation (Marvin and Hellinga, 2001; Millet et al.,
2003; Shimaoka et al., 2000), the anticooperativity imposed by
the tyrosyl-tRNA synthetase KFGKT loop and computational
studies (Adamczyk and Warshel, 2011; Prasad and Warshel,
2011). To our knowledge, ours is the first effort to integrate
perturbations of state-dependent conformational stabilities
with rate measurements to analyze specific, long-range catalytic
interactions.
Mg2+,ATP Binding and Utilization Drive the TrpRS
Conformational Cycle
TrpRS affords an excellent system for experimentally examining
vectorial coupling. It uses a sequence of different conformational
states to catalyze tryptophan activation (Carter, 2005; Doublie´
et al., 1995; Ilyin et al., 2000; Laowanapiban et al., 2009; Retail-
leau et al., 2003, 2007, 2001). Mg2+,ATP binding drives both
hinge bending and twisting of the anticodon-binding domain
relative to the Rossmann fold domain (Ilyin et al., 2000; Retailleau
et al., 2003). The induced-fit domain movements assemble the
active site, elevate the conformational free energy, and weaken
Mg2+,ATP affinity (Retailleau et al., 2003; Retailleau et al.,Structure 20, 1282007) of the resulting pre-transition state. Thus, they temporarily
‘‘store’’ binding free energy in an unfavorably high twist angle.
Catalysis proceeds with a 5 domain untwisting that
increases the distance between AMP and PPi-binding subsites
by1.2 A˚ (Kapustina et al., 2007; Retailleau et al., 2003). Molec-
ular Dynamics (MD) simulations of ligand-free (LF) PreTS
complexes (Kapustina et al., 2007) confirmed that the untwisting
catalytic step is exergonic, suggesting that separation of AMP
and PPi group subsites might stabilize a dissociative transition
state in which the aP-PPi bond breaks before the tryptophan
carboxylate nucleophile reacts with the a-phosphate (Carter,
2005).
As a class Ic synthetase, TrpRS must transfer the activated
amino acid to the 30hydroxyl group of a cognate tRNATrp whose
anticodon is validated by a site across the dimer interface (Yang
et al., 2006). Thus, these domain motions probably position the
anticodon-binding domain appropriately to bind the tRNA
substrate.
Dynamic D1 Switch Core Packing Mediates Shear
during Domain Movement
Two complementary searches identified ‘‘dynamic’’ side-chains
related to TrpRS catalytic domain motions. We used Rosetta
(Dantas et al., 2003) to identify mutations likely to stabilize the
PreTS state relative to other conformations. Seven residues
identified by Rosetta also belonged to dynamic, high-SNAPP
(Carter et al., 2001) Delaunay simplices, that is, sets of nearest
neighbors. Whereas core packing within domains is constant,
these residues exchange neighbors between the Open, PreTS,
and Products complex conformations (Kapustina et al., 2007).
Repacking them mediates interdomain shear in both hinge-
bending and twisting. As the domain configuration determines
the nearest neighbors of these seven residues, and conversely,
we called this motif the D(elaunay)1 switch. The D1 switch is
20 A˚ from the active site (Figure 1), at the opposite end of the
N-terminal b-a-b crossover from the HIGH and KMSKS
sequences. It links I4 in the N-terminal b strand and I140 in
the Trp binding site to five other residues, F26, L29, Y33, C35,
and F37.
The most dramatic packing change shifts F26 and F37 from a
face-to-edge into a face-to-face interaction during the induced-
fit transition (Figure 1, top left two panels). The latter, less favor-
able (Burley and Petsko, 1986) arrangement may destabilize the
PreTS state. Rosetta’s aliphatic mutations, F26L and F37I,
should restabilize it.
The D1 amino acids correspond to a consensus motif
identified by bioinformatic data mining for conserved tertiary
packing motifs. As the motif occurs in >120 fold families within
the Rossmannoid superfamily (Cammer and Carter, 2010), it
appears to be an ancient motif that endows proteins containing
it with adaptive function. Dynamic behavior and evolutionary
conservation suggested that these residues were prime candi-
dates for activating the Mg2+ ion.
Rosetta-Driven Combinatorial Mutagenesis of Four D1
Switch Residues
The Rosetta Design program (Dantas et al., 2003) suggested
that D1 switch mutations I4V, F26L, Y33F and F37I would
differentially ‘‘hyperstabilize’’ the PreTS along the structural–138, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 129
Figure 1. The TrpRS D1 Switch
Changes in nearest neighbor packing during the
conformational cycle are shown (left) as Delaunay
tetrahedra with SNAPP likelihood potentials >0.9 (red
lines). The TrpRS monomer (right) is oriented as in the
detailed figures on the left. The catalytic site is on
the right, the D1 switch on the left. The inset shows
the secondary structure of the N-terminal crossover
connection of the Rossmann fold, indicating the
locations of the D1 switch residues (yellow), the
catalytic TIGN signature (black), and the Mg2+ ion
(Kapustina et al., 2007).
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natorial mutations (Table S1 available online) to determine the
magnitude, sign, and cooperativity between these sites and their
interactions with the active site Mg2+ ion.
All mutants were stable and active enough to assay. The I4V
single and I4VF26LY33FF37I quadruple mutants proved sensi-
tive to proteolysis, requiring minor adjustments in purification.
Active-site titrations showed variation in their active fractions
(Table S1). There are no significant correlations, however,
between this variation and themutant sites. Other potential sour-
ces of variability were not investigated.
Differential Stabilities Confirm that D1 Switch Packing
Senses Domain Movement
The designedmutants should both decrease the free energy gap
between the strained PreTS state and the (unstrained) Open and
Products ground states and reduce catalysis of tryptophan acti-
vation. We confirmed the effects of mutated residues on confor-
mational thermodynamicsby titrating the four singlemutantswith
appropriate concentrations of four different ligand combinations
using differential scanning fluorimetry (DSF, Thermofluor;
Matulis et al., 2005; Niesen et al., 2007; Weber et al., 1992).
Each ligand combination stabilizes oneof the three TrpRSCrystal
structures (Retailleau et al., 2003, 2001). Thermofluor thus
affords experimental access to conformational stability changes
associated with induced-fit (Open, unliganded = > Open; stabi-
lized by tryptophan; Open; stabilized by tryptophan = > PreTS;
stabilized by Mg2+,ATP plus nonreactive tryptophanamide) and
catalysis (PreTS = > Products; stabilized by Trptophanyl-
50sulfoamylAMP).
We derived changes in conformational stability from
changes in melting temperature (Tm). In our hands, the proce-
dure is very reproducible, with coefficients of variation for
Tm <0.04 and generally <0.01. We measured DH for unfolding
of ligand-free (LF) wild-type (WT) TrpRS by thermal denatur-130 Structure 20, 128–138, January 11, 2012 ª2012 Elsevier Ltd All rights reservedation monitored by CD and used this value,
34.6 kcal/mol, to convert dTm into dDG
using d(DG)  (DTm/Tm)*DH (Calvin et al.,
1959). Three mutations, I4V, F26L, and
Y33F increase, whereas F37I reduces over-
all stability, relative to native LF Bst TrpRS
(Figure 2A).
We previously estimated that the LF PreTS
conformation is less stable than either the
LF Open or Products conformations (Retail-leau et al., 2007; vertical offset in gray, Figure 2B) by
3.0 kcal/mol. Tryptophanamide and Mg2+,ATP substantially
stabilize the excited PreTS conformation, relative to the Open
states in all variants. As implied by Rosetta, the single-point
mutations hyperstabilize the PreTS state while destabilizing the
ground states (Figure 2C). These results confirm that the four
mutated residues register the TrpRS domain configuration in
a thermodynamic sense.
We next show that the D1 switch is also key to storing ATP
binding energy during induced-fit and using it for subsequent
catalysis on conversion to the Products conformation.
Elevated PreTS Conformational Free Energy Assists
Catalysis
Steady-state [ATP]-dependent kinetics of WT TrpRS and D1
switch mutants (Table 1) reveal two notable impacts on catalysis
of tryptophan activation: (1) their magnitude increases for higher-
order interactions, and (2) their primary role is to activate the
Mg2+ ion. These effects operate over a distance of 20 A˚.
They likely result from altered conformational stability along the
reaction coordinate.
Mutant KM and kcat values vary from WT by factors of at most
55 and 30, and themean upper and lower 95%of both constants
are within factors of 2 (Figure S1A). Thus, all variants likely use
essentially the same mechanism. The combinatorics—WT
versus mutant at four positions, two alternate metals—comprise
a full 25 factorial design requiring 32 unique assays, which are
encoded in the last five columns of Table 1. WT, single, and triple
mutant assays were replicated with both metals to estimate
experimental errors, which were ± 0.115 kcal/mol. As the
32PPi exchange assay is performed with both ATP and trypto-
phan in equilibrium with the trp-50AMP adenylate, KM values
represent thermodynamic KD values (Cleland and Northrop,
1999). Steady-state kinetics thus afford ground- (KM) and transi-
tion- (kcat) state ATP affinities.
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A Figure 2. Conformational Energetics and Catalysis
(A) Conformational stabilities of D1 unliganded single
mutant TrpRSs.
(B) Stability changes along the structural catalytic profile.
Error bars were calculated by propagation of errors
associated with the coefficient of variation in Tm values
and the error in fitting the thermal denaturation curve
for native TrpRS by CD. A free energy gap (shaded;
DGconf, LF 3 kcal/mol) elevates the ligand-free PreTS
state above the Open and Products ground states
(Retailleau et al., 2007). (C) Mutant conformational energy
profiles show statistically significant PreTS stabilization,
compared with WT TrpRS and relative to preceding and
successive ground states.
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the Transition State for kcat by –6.0 kcal/mol
Statistically significant patterns in the successive mutation of the
D1 residues (Figures S1B and S1C) imply large and cooperative
synergistic coupling between the D1 switch and the active-site
Mg2+ ion. As noted (Weinreb et al., 2009), we simultaneously
estimate intrinsic and higher-order coupling energies by fitting
the observed data to a full-factorial least-squares regression
model (1):
DGobs =C+
X
main
DGi ½i+
X
2way
DGij ½i½j+
X
3way
DGijk½i½j½k
+DGijkl½i½j½k½l+
X
main
DGi M½i½M+
X
2way
DGij M½i½j½M
+
X
3way
DGijk M½i½j½k½M+DGijkl M½i½j½k½l½M
(1)
where C is a constant, the fitted coefficients DGi, DGij, DGijk, and
DGijkl and DGi(M), DGij (M), DGijk (M), and DGijkl (M) are coupling free
energies, and [i],[j],[k],[l] and [M] are 0 or 1, according to the coef-
ficient matrix in the last five columns in Table 1, with M denoting
the metal. Least-squares appropriately distributes experimental
errors in computing coupling constants, their standard errors,
and hence their statistical significance. Parameters estimated
by least-squares analysis of the I4VF26L double mutant cycle
and by the algebraic relationships of Horovitz and Fersht (1990)Structure 20, 128–138, January 11are indistinguishable (FigureS2).Moreover, eight
randomly permuted datasets with statistical
properties similar to those of the experimental
data (Table 1) lead to nearly identical values for
all 15 parameters (Figure S4). Regression results
for DGkcat (Table 2) are therefore quite resistant
to experimental noise. Those for DGKM and
DGkcat/KM are given in Tables S2 and S3.
By convention perturbed D(DG) values are
subtracted from WT values (First and Fersht,
1995), so negative DGkcat values accelerate
the reaction in WT TrpRS with Mg2+. Transi-
tion-state ATP affinities reflected in DGkcat favor
catalysis by both Mg2+-dependent and Mg2+-
independent mechanisms (Figure 3, left panel).
Metal-D1 switch coupling promotes catalysis
by 5.98 kcal/mol and Mg2+-independent
effects by 1.8 kcal/mol.D1 switch residue coupling to the active site enhances
discrimination between ground- and transition-state ATP affiniti-
ties. Mg2+-independent and Mg2+-coupled effects on ground
state ATP affinity have opposite signs (center panel). Ground-
state destabilization by Mg2+-independent interactions favors
catalysis but is offset by Mg2+-coupled stabilization. As a conse-
quence, catalytic effects on kcat/KM arise exclusively fromMg
2+-
coupled interactions (right panel).
The dominant four-residue,Mg2+ interaction, 5.0 kcal/mol,
Figure 4A, is, by definition, highly cooperative and accounts for
>80% of the Mg2+-coupled effect of the D1 switch on transi-
tion-state stabilization. Net Mg2+,D1 switch interactions contrib-
uting to catalysis approach or exceed the expected 6.0 kcal/mol
(Figure 4B), in contrast to the negligible transition state stabiliza-
tion fromMg2+-TrpRS interactions within the active site (Weinreb
et al., 2009). The conformational change, registered by the D1
switch, therefore drives the entire catalytic effect of Mg2+.
DISCUSSION
Our most important result has been to demonstrate coupling of
a remote determinant of differential conformational stability to
the surprisingly specialized and transient catalytic role of the
active-site Mg2+ ion. The metal provides roughly 30% of the total
transition-state stabilization free energy for catalysis of trypto-
phan activation by TrpRS. We provide quantitative molecular, 2012 ª2012 Elsevier Ltd All rights reserved 131
Table 1. Kinetic Data for WT TrpRS and D1 Switch Mutants
Variant KM (M)
5GKM
(kcal/mol) kcat/n (s
1)
5Gkcat
(kcal/mol) kcat/KM (s
1M1)
5Gkcat/KM
(kcal/mol) Mg2+ I4 F27 Y33 F37
WT TrpRS 2.10E-04 5.11 5.47 1.0190 2.60E+04 6.07 1 1 1 1 1
WT TrpRS 3.00E-04 4.87 5.10 0.9780 1.70E+04 5.82 1 1 1 1 1
WT TrpRS 2.80E-04 4.90 4.53 0.9066 1.62E+04 5.79 1 1 1 1 1
WT TrpRS 4.00E-04 4.69 5.47 1.0194 1.37E+04 5.69 1 1 1 1 1
I4V 1.07E-04 5.49 1.66 0.3051 1.55E+04 5.79 1 0 1 1 1
I4V 0.000045 6.01 1.62 0.2911 3.61E+04 6.30 1 0 1 1 1
F26L 2.50E-04 4.98 0.42 0.5200 1.68E+03 4.43 1 1 0 1 1
F26L 2.70E-04 4.93 0.36 0.6060 1.35E+03 4.30 1 1 0 1 1
Y33F 2.50E-04 4.98 1.15 0.0850 4.61E+03 5.04 1 1 1 0 1
Y33F 3.70E-04 4.74 1.54 0.2570 4.15E+03 4.97 1 1 1 0 1
F37I 2.50E-04 4.98 2.24 0.4850 8.97E+03 5.43 1 1 1 1 0
I4V-F26L 1.05E-04 5.26 1.16 0.0900 1.11E+04 5.56 1 0 0 1 1
I4V-Y33F 2.24E-04 5.04 3.33 0.7210 1.49E+04 5.73 1 0 1 0 1
I4V-F37I 7.97E-04 4.28 2.15 0.4580 2.69E+03 4.72 1 0 1 1 0
F26L-Y33F 1.57E-04 5.04 0.58 0.3250 3.71E+03 4.91 1 1 0 0 1
F26L-F37I 1.00E-04 5.53 2.44 0.5350 2.44E+04 6.03 1 1 0 1 0
Y33F-F37I 1.02E-03 4.13 1.64 0.2960 1.61E+03 4.41 1 1 1 0 0
I4V-F26L-Y33F 2.26E-04 5.03 3.32 0.7200 1.47E+04 5.73 1 0 0 0 1
I4V-F26L-Y33F 2.44E-04 4.99 3.87 0.8126 1.59E+04 5.77 1 0 0 0 1
I4V-F26L-F37I 1.60E-04 5.24 5.34 1.0050 3.34E+04 6.22 1 0 0 1 0
I4V-F26L-F37I 1.50E-04 5.28 5.86 1.0607 3.91E+04 6.31 1 0 0 1 0
I4V-Y33F-F37I 1.30E-04 5.37 2.85 0.6286 2.19E+04 5.97 1 0 1 0 0
I4V-Y33F-F37I 1.80E-04 5.17 3.96 0.8257 2.20E+04 6.00 1 0 1 0 0
F26LY33FF37I 2.80E-04 4.91 4.24 0.8666 1.51E+04 5.75 1 1 0 0 0
F26LY33FF37I 2.90E-04 4.89 5.07 0.9750 1.75E+04 5.86 1 1 0 0 0
I4VF26LY33FF37I 1.64E-04 5.23 1.32 0.1683 8.07E+03 5.40 1 0 0 0 0
WT TrpRS 4.40E-04 4.64 2.63 0.5794 1.91E+03 4.51 0 1 1 1 1
WT TrpRS 3.90E-04 4.71 2.57 0.5674 6.60E+03 5.28 0 1 1 1 1
I4V 1.01E-04 5.52 1.48 0.2334 1.46E+04 5.75 0 0 1 1 1
I4V 0.000411 4.68 1.03 0.0162 2.50E+03 4.69 0 0 1 1 1
F26L 2.04E-04 5.10 0.64 0.2670 3.14E+03 4.81 0 1 0 1 1
F26L 2.61E-04 4.95 1.03 0.0170 3.95E+03 4.94 0 1 0 1 1
Y33F 2.60E-04 4.95 1.42 0.2087 5.45E+03 5.16 0 1 1 0 1
Y33F 2.70E-04 4.93 2.15 0.4586 7.95E+03 5.39 0 1 1 0 1
F37I 3.20E-04 4.83 1.68 0.3116 5.25E+03 5.14 0 1 1 1 0
F37I 2.20E-04 5.05 2.74 0.6046 1.25E+04 5.66 0 1 1 1 0
I4V-F26L 7.60E-05 5.69 0.41 0.5380 5.37E+03 5.13 0 0 0 1 1
I4V-Y33F 2.26E-05 6.42 0.26 0.8140 1.14E+04 5.58 0 0 1 0 1
I4V-F37I 1.24E-03 4.01 1.32 0.1700 1.06E+03 4.16 0 0 1 1 0
F26L-Y33F 2.06E-04 5.09 0.19 0.9900 9.32E+02 4.08 0 1 0 0 1
F26L-F37I 1.05E-04 5.50 0.37 0.5910 3.55E+03 4.88 0 1 0 1 0
Y33F-F37I 4.95E-04 4.57 0.45 0.4800 9.09E+02 4.07 0 1 1 0 0
I4V-F26L-Y33F 1.84E-04 5.16 1.77 0.3400 9.62E+03 5.48 0 0 0 0 1
I4V-F26L-Y33F 1.88E-04 5.14 2.29 0.4968 1.22E+04 5.62 0 0 0 0 1
I4V-F26L-F37I 1.48E-04 5.29 2.24 0.4800 1.51E+04 5.75 0 0 0 1 0
I4V-F26L-F37I 1.65E-04 5.22 3.28 0.7127 1.99E+04 5.91 0 0 0 1 0
I4V-Y33F-F37I 1.23E-04 5.40 2.54 0.5588 2.06E+04 5.93 0 0 1 0 0
I4V-Y33F-F37I 1.26E-04 5.39 3.50 0.7516 2.78E+04 6.14 0 0 1 0 0
F26L-Y33F-F37I 1.54E-04 5.27 2.64 0.5818 1.71E+04 5.82 0 1 0 0 0
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Table 1. Continued
Variant KM (M)
5GKM
(kcal/mol) kcat/n (s
1)
5Gkcat
(kcal/mol) kcat/KM (s
1M1)
5Gkcat/KM
(kcal/mol) Mg2+ I4 F27 Y33 F37
F26L-Y33F-F37I 2.04E-04 5.10 3.90 0.8172 1.91E+04 5.92 0 1 0 0 0
I4VF26LY33FF37I 2.07E-04 5.09 0.84 0.1055 4.05E+03 4.98 0 0 0 0 0
ATP-dependent rate measurements were fitted by nonlinear least-squares to the Michaelis-Menten model to obtain parameters, which were con-
verted to free energy changes by DG = 0.597*ln(k). Each variant is given a binary code in the last five columns for regression modeling, Table 2.
See also Table S1 and Figure S1.
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Vectorial Coupling of Catalysis to Domain Motiondetails of how TrpRS domain movement makes this catalytic
contribution.
The large, negative five-way interaction energy,
D(DG4,26,33,37_Mg), between the D1 switch and the active-site
Mg2+ ion corresponds to an equilibrium constant for physical
changes that these groups make on going to the transition state.
The high order of this interaction energy implies that coordinated
movement of all four residues, that is, the domain motion, is
necessary and sufficient for Mg2+-assisted catalysis. Pre-transi-
tion state hyperstabilization, induced by the single mutants and
their reduced catalytic activity, imply that catalysis requires
domain untwisting. The conditional catalytic role of the Mg2+
ion implies that cooperative changes in the D1 switch move it
from an inactive to a fully active configuration, enabling its elec-
trostatic charge to stabilize the transition-state, consistent with
active-site preorganization (Warshel et al., 2006). These remark-
able inferences quantitatively match expectations that metal-as-
sisted catalysis required long-range interactions (Kapustina
et al., 2007; Weinreb and Carter, 2008, 2009).
Mechanistic Implications for TrpRS and Other
Class I aaRS
The essence of catalysis is discrimination between transition-
and ground-state configurations. Figure 4 summarizes the
quantitative increases in transition state stabilization (DGkcat)
and ground state destabilization (DGKM) from Mg
2+-D1 switch
interactions. Thus, in contrast to those measured for the
active site-lysine residues (Weinreb et al., 2009), net coupling
energies between Mg2+ and D1 switch residues enhance this
discrimination.
Details of how this might arise were sketched in Figure 2 of
Weinreb et al. (2009). Bst TrpRS uses ATP binding energy during
induced-fit to move its two domains into a configuration stabi-
lized only by improved interactions with Mg2+,ATP. The ATP
binding site is predominantly formed by the TIGN consensus,
whichmoves as a rigid body with the anticodon-binding domain.
During induced-fit, ATP recruits additional electrostatic interac-
tions with D146 and K111 and buried surface area from the
Rossmann fold domain. To achieve these new interactions, the
anticodon-binding domain must twist by 10. Tryptophan
binding occurs only within the Rossmann fold, cannot recruit
interactions with the anticodon-binding domain, and does not
lead to formation of the PreTS conformation.
The catalytic domain motion moves the PPi leaving group
1.2 A˚ further from the aP group than it is in the PreTS ATP
complex (Carter, 2005). Displacement by the b-phosphate of
adenosine 50 tetraphosphate (AQP) of the AMP and g-d phos-
phate moieties deeper into their respective binding subsites is
associated with a 200-fold increase in binding affinity, relativeStructure 20, 128to Mg2+,ATP. As the terminal phosphates of AQP mimic the
PPi leaving group, this result implied a transition state with
dissociative character (Retailleau et al., 2007). The untwisting
anticodon-binding domain motion effectively strains the scissile
bond between PPi and adenosine, providing a potential of mean
force favoring such a transition state. As that bond breaks, the
leaving PPi group develops an additional negative charge that
must be stabilized by moving the catalytic metal (Weinreb
et al., 2009). Although domain untwisting is insufficiently ener-
getic actually to break the scissile bond, it induces strain, thereby
encouraging movement of Mg2+ into a catalytic ‘‘tipping point’’
as the scissile bond breaks.
Computational energy mapping (Prasad and Warshel, 2011)
shows that, unless the conformational barrier is greater than
the chemical barrier, the conformational should not impact the
overall rate. Tryptophanyl-tRNA synthetase conformational
barriers appear from Figure 2 to be rate limiting. Differential
conformational stabilities for all 15 variants and computation of
transition state energies in the PreTS and Products conforma-
tions should clarify this point.
The twist has been implicated as the source of unfavorable
conformational free energy (Kapustina and Carter, 2006; Kapus-
tina et al., 2007). The SNAPP likelihoods associated with succes-
sive configurations of the D1 switch residues correlate with
stability and are approximately equivalent. However, switching
leads to very different sets of tetrahedra at themolecular surface,
which have significantly lower SNAPP likelihoods in, and which
destabilize, the PreTS conformation (Kapustina et al., 2007).
Structural studies of mutants may enhance understanding of
how they hyperstabilize the PreTS conformation.
Conditional Mg2+ Assist as a ‘‘Molecular Escapement
Mechanism’’
The Mg2+ ion is unavailable to accelerate ATP utilization, unless
the conformation changes and is therefore conditional to the
untwisting domain motion triggered by cooperative interactions
within the D1 switch. Conditional metal-assisted catalysis is
reminiscent of the escapement mechanism in a mechanical
clock, which couples the energy source to the periodic time-
keeping device (Roup et al., 2003; Figure 5). Torque is applied
to the crown gear by a weight on a wound cable or a spring, in
analogy with the chemical free energy supplied by ATP hydro-
lysis in solution. Alternating catches at the top and bottom of
the crown gear permit the uni-directional rotation of the crown
gear if, and only if, the foliot (or pendulum) changes direction.
The escapement analogy is surprisingly detailed. The TrpRS
active site is analogous to the crown gear. The Mg2+ ion serves
as the escapement plates, both ensuring and allowing transition
state stabilization only on the condition that the domains–138, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 133
Table 2. Regression Model for Transition-State ATP Binding in
TrpRS Catalysis
A.5(5Gkcat)
Estimate
(kcal/mol)
Std
Error t Ratio Prob > jtj
(I4)*(F26)*(Y33)*(F37) 3.376 0.294 11.480 <.0001
Mg 0.388 0.036 10.620 <.0001
(I4)*(F26)*(F37) 1.297 0.147 8.820 <.0001
(Mg)*(I4)*(F26)*(Y33)*(F37) –5.022 0.588 8.540 <.0001
(F26)*(F37) 0.576 0.073 7.840 <.0001
F37 0.287 0.037 7.800 <.0001
(I4)*(F26) 0.505 0.073 6.890 <.0001
F26 0.250 0.037 6.840 <.0001
(I4)*(Y33)*(F37) 0.943 0.147 6.410 <.0001
(F26)*(Y33) 0.424 0.073 5.790 <.0001
(Mg)*(I4)*(F37) 0.816 0.147 5.550 <.0001
(I4)*(F26)*(Y33) 0.691 0.147 4.710 0.000
(Mg)*(I4)*(F26)*(Y33) –1.051 0.293 3.590 0.002
I4 0.127 0.037 3.480 0.003
(I4)*(Y33) 0.251 0.073 3.430 0.003
(Mg)*(Y33)*(F37) 0.497 0.147 3.390 0.003
(Mg)*(F26)*(Y33)*(F37) –0.964 0.294 3.280 0.004
(Mg)*(F26)*(F37) –0.431 0.147 2.940 0.009
(F26)*(Y33)*(F37) 0.431 0.147 2.930 0.009
(Mg)*(I4) 0.185 0.073 2.530 0.020
(Mg)*(Y33) 0.168 0.073 2.290 0.034
(Mg)*(F26)*(Y33) 0.321 0.146 2.190 0.041
Y33 0.071 0.037 1.940 0.068
(Mg)*(I4)*(Y33)*(F37) –0.534 0.294 1.820 0.085
(I4)*(F37) 0.107 0.073 1.460 0.162
(Mg)*(I4)*(F26) 0.209 0.146 1.430 0.169
(Y33)*(F37) 0.075 0.073 1.020 0.320
(Mg)*(I4)*(Y33) –0.132 0.146 0.900 0.380
(Mg)*(F37) 0.035 0.073 0.480 0.636
(Mg)*(I4)*(F26)*(F37) 0.114 0.294 0.390 0.703
(Mg)*(F26) 0.015 0.073 0.200 0.845
Overall 7.99
Mg-dependent –5.98
Mg-independent 1.83
Coefficients are sorted in order of increasing probability of the Student
t-value under the null hypothesis, and hence of decreasing confidence
level. Effects with p > 0.05 are included if and only if they participate in
higher-order interactions with p < 0.05. See also Tables S2 and S3 and
Figures S3 and S4.
Figure 3. Metal-Dependent andMetal-Independent Catalytic Contri-
butions of D1 Switch Residues
Algebraic sums of regression coefficients corresponding to D(DG) values are
plotted for kcat (left panel), KM (center panel), and kcat/KM (right panel). The
latter were derived from kcat/KM values and are thus not algebraic sums of the
first two panels.
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Vectorial Coupling of Catalysis to Domain Motionrearrange. The D1 switch acts as a verge, configuring conforma-
tional thermodynamics to render the untwisting exergonic and
registering packing interactions that communicate domain
configuration to the active site.
Do Other Transducing Enzymes Use Conformationally
Dependent Mg2+ Activation?
Enzymes that exploit ATP and/or GTP hydrolysis free energy
are diverse, abundant, and crucial to all aspects of life, including
biomechanical (Astumian, 2010), biosynthetic (Cady and Qian,134 Structure 20, 128–138, January 11, 2012 ª2012 Elsevier Ltd All r2009; Ju¨licher and Bruinsma, 1998; Wang et al., 1998), and
signaling (Goody, 2003; Rees and Howard, 1999) applications.
Structural, thermodynamic, and kinetic aspects of free-energy
transduction have been worked out in greater or lesser
detail for many systems, including actomyosin (Sweeney and
Houdusse, 2010b), tubulin (Caplow et al., 1994; Caplow and
Shanks, 1996), EF-Tu (Adamczyk and Warshel, 2011; Voorhees
et al., 2010), and ATP synthase (Adachi et al., 2007). There is
consensus that (1) the enzymes accelerate nucleotide triphos-
phate hydrolysis; (2) transduction requires that one conformation
bind tightly to reactants, while a different conformation binds
tightly to products (Astumian, 2011); and (3) chemical transfor-
mation of the NTP to NDP (NMP) plus Pi (PPi) successively stabi-
lizes different protein conformations, altering interactions with
molecular partners (Astumian, 2010; Hill, 1983; Jencks, 1987).
However, (4) coupling between conformational and catalytic
steps also must be as efficient as possible (see Figure 4 of Hill
and Eisenberg, 1981; Rees and Howard, 1999).
Jencks identified conditionality—catalysis occurs if, and only
if, the conformation changes—as essential for the efficiency of
‘‘coupled vectorial processes’’ (Jencks, 1980, 1989) by which
he meant converting the NTP hydrolysis free energy into uni-
directional or vectorial state changes. However, molecular
mechanisms that ensure efficient coupling of rate acceleration
to conformational changes have been elusive. To our knowl-
edge, ours is the first mechanism to link catalytic rate accelera-
tion byMg2+ directly to conformational change. AsMg2+ ions are
universally required for nucleotide triphosphate utilization, varia-
tions of the TrpRS mechanism could operate in many NTPase
enzymes. TrpRS shares with the ribosomal activation of EF-Tu
GTPase that long-range effects indirectly change the active-
site preorganization (Adamczyk and Warshel, 2011). As details
were not provided, it is possible that those changes also act
by relocating the EF-Tu Mg2+ ion.ights reserved
AB
Figure 4. D1 Switch-Mg2+ Ion Coupling
(A) Metal coupling energies to the four mutated D1 residues and their higher
order interactions. The four-way interaction exhibits significantly higher
coupling to DGkcat than all other interactions.
(B) Catalytic assist by the catalytic Mg2+ ion of tryptophan activation by TrpRS
is dominated by the D1 switch residues. Coupling established previously to the
active-site lysine residues is both small and positive (left). Coupling to the D1
switch (right) contributes enough to kcat/KM to accelerate tryptophan activation
6.6 3 105-fold. See also Figure S2.
τ
Foliot:
(Untwisting of ABD)
Verge:
(D1 Switch)Crown Gear:
(Catalytic site)
Weight/spring:
(ATP Utilization)
Escapement:
(Mg2+ ion)
Figure 5. Mechanistic analogies between TrpRS and a mechanical
clock
Different components of the enzyme are identified by colors with specific
components in the verge and foliot mechanism of the escapement, as
described in the text.
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myosin ATPase (Rosenfeld et al., 2005; Sweeney and Houdusse,
2010b). Myosins exhibit different steady-state rates, duty cycles,
step sizes, and even their direction along actin filaments (Swee-
ney and Houdusse, 2010a). The general kinetic scheme (Swee-
ney and Houdusse, 2010b) comprises eleven experimentallyStructure 20, 128distinguishable states. Mg2+ion has been directly implicated in
only one process: the myosin V conformational change induced
by actin that ultimately releases ADP is preceded by release of
Mg2+, which weakens myosin’s affinity for ADP (Rosenfeld
et al., 2005).
We would expect homology with the escapement mechanism
(Figure 5) as the detached, ATP-bound state proceeds to
the ‘‘induced-fit’’ recovery of the catalytically activated ‘‘90’’
position prior to ATP hydrolysis and then (pre-powerstroke) to
hydrolysis. Although no evidence has surfaced for conforma-
tional activation of Mg2+-assisted catalysis, available data do
not rule out a similar mechanism. Testing such a mechanism
would require identification of regions of shear associated
with the domain rearrangement and combinatorial mutagenesis
and assays in the presence of Mg2+ and another metal, such
as Mn2+.
Other Coupled Interactions in TrpRS
Much remains to be learned about dynamic behaviors during
TrpRS catalysis. Joint estimation of all 15 effects (Table 2)
provides their values only against a background in which the
rest of the protein has a native sequence, leaving open how
the D1 switch may couple to three other dynamic regions and
across the dimer interface. The D1 switch is one of four dynamic
regions identified in TrpRS by Kapustina et al., (2007). These four
switches implicitly mediate the most important TrpRS intramo-
lecular communication. How the other regions modify D1
coupling energies reported here raise the following questions.
Do D1 residues and active-site lysine residues also act coop-
eratively? Molecular Dynamics analyses (Kapustina and
Carter, 2006) suggest these lysine residues are key to such
coupling.
Does the D1 switch also influence the amino acid binding
site? Mn2+ ion relaxes tryptophan specificity, relative to tyro-
sine (Weinreb et al., 2009). The specificity ratio [kcat/KM(W)/
kcat/KM(Y)] for D1 mutants in the presence of the two metals
may identify relevant coupling.–138, January 11, 2012 ª2012 Elsevier Ltd All rights reserved 135
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substitution?
Do the D1 mutants impact aminoacylation of tRNATrp?
Coupling of the active site to the anticodon-binding domain
within the monomer also may involve the D4 switch.
Do D1 switching interactions operate within the TrpRSmono-
mer or across the dimer interface to the second active site?
Coupling across the dimer interface via dynamic packing in
D2 and D3 switches would require constructing heterodimers
(Fersht, 1986) with mutant switching residues in one subunit
and active-site mutations in the other.
Is the D1 Switch a ‘‘Master Switch’’?
Cammer and Carter (2010) recently observed that residues
comprising the D1 switch are highly conserved in most Ross-
mann fold protein families in the proteome. In many cases, these
residues participate in functional conformational changes.
Extensive conservation, together with the invariant location of
the motif in the N-terminal crossover connection opposite the
P loop configuration, argue that it arose by divergence from an
ancient module with a continuing role in nucleotide triphosphate
binding and catalysis, rather than by convergent evolution.
The entire D1 switch is contained in the 130 residue
TrpRS Urzyme (Pham et al., 2010; Pham et al., 2007). Repeated
association with multiple conformations throughout the
Rossmannoid superfamily and its presence in class I amino-
acyl-tRNA synthetase urzymes suggest that it merits designation
as a ‘‘master switch.’’ We have constructed the corresponding
mutations in the TrpRS Urzyme to test how its functional interac-
tion with the active-site metal ion might operate in that putative
precursor.
EXPERIMENTAL PROCEDURES
Mutant Proteins
Mutagenesis and Protein Purification
Mutations were constructed using GeneTailor (Invitrogen, Grand Island, NY,
USA). The expression plasmid pET11a containing WT TrpRS was methylated
by DNA methylase and used as template for mutagenic PCR. Primers were
designed for both directions, with a 15–20 nucleotide overlap for efficient
circularization. The PCR product was used to transform DH5a E. coli cells
and plated on LB plates with ampicillin. Plasmids were sequenced to confirm
the mutations.
Mutant proteins were expressed in E. coli BL21(DE3)pLysS, with both ampi-
cillin and chloramphenicol. Simultaneous 3L cultures of two mutants were
resuspended in 50 mM Tris, 10% Sucrose, and 0.1mM PMSF (pH 7.5) and
rapidly frozen. The cell paste was homogenized with an EmulsiFlex C-5
homogenizer and cleared by centrifugation at 4C. After dialysis against
20 mM HEPES, 0.1 mM PMSF, 50 mM KCL, 10 mM 2-mercaptoethanol,
(pH 7.0) the cleared lysate was loaded onto a HiTrap Blue HP Column
(Amersham Biosciences, Piscataway, NJ, USA) using a BioCAD Sprint
chromatography workstation and eluted with a 0–1.0 M KCl gradient. Peak
fractions were dialyzed against 20mM Tris, with the same additions, loaded
on a Poros HQ column (Applied Biosystems, Bedford, MA, USA) and
eluted with a 0.05–1.0 M KCl gradient. Purified mutant proteins were
concentrated using an Amicon PM10 Ultra membrane and stored at 20C
in 50% Glycerol. All proteins were >95% homogeneous as judged by gel
electrophoresis.
Directed Mutagenesis of D1 Switch Residues
We provided Rosetta with Open (1maw, chain A), PreTS (1mau), and Product
(1I6k) crystal structures to identify sequences that would stabilize one of the
structures, relative to the others. Recurring mutations in the D1 switch were136 Structure 20, 128–138, January 11, 2012 ª2012 Elsevier Ltd All ridentified from these sequences. Similar approaches were introduced by
Mayo (Shimaoka et al., 2000) and used by Kay and colleagues (Marvin and
Hellinga, 2001; Millet et al., 2003). Tryptophanyl-tRNA synthetase catalysis,
however, involves three distinct states so the redesign had to identify effects
on three different relative stabilities. Ten mutants stabilizing the PreTS state
were to D1 switch residues and, of which, four were assigned one mutation:
I4V, F26L, Y33F, and F37I.
Active-Site Titration
The reactionmixture contained 50mMHEPES (pH 7.5), 10mMMgCl2, 100mM
KCl2, 1 mM DTT, 10 mM g
32P-labeled ATP, 2.5 mM Trp, and 10 units/ml
inorganic pyrophosphatase. We added 3 mM enzyme and incubated at
37C. At specific time points the reaction was quenched by adding 3ml of
the reaction mix to 6ml of 400 mM sodium acetate (pH 5.0), 0.1% SDS. Two
microliters of this mixture was spotted on a thin layer chromatography (TLC)
plate. To separate [32P]ATP from [32P]PPi we presoak and elute TLC plates
with 750 mM KH2PO4 (pH 3.5), 4 M Urea buffer (Francklyn et al., 2008). The
TLC plate was dried, exposed 30 min, scanned on a Typhoon scanner, and
quantified with Image J software. All assays included data points well into
the steady state (linear with time).
Michaelis-Menten Kinetics
PPi-exchange assays were done at 37C and initiated with 10 ml of enzyme to
190 ml of assay mix: 0.1 M Tris-Cl, 0.01 M KF, 5 mMMgCl2, 2 mM ATP, 2 mM
Tryptophan, and 10 mM 2-mercaptoethanol (pH 8.0) plus 2 mM 32PPi at
a specific radioactivity between 1X105 and 2X105 CPM/M. Varying enzyme
concentrations (4–400 mM) and incubation times (10–50 min) were used,
depending on the activity level, which was determined by range-finding for
each variant. Michaelis-Menten kinetics were examined by varying the [ATP]
(0.005, 0.01, 0.05, 0.1, 0.2, 0.3, 0.5, 0.75, 1.0, 1.25, and 1.5 mM). Assays
were performed on 96-well plates, using Whatman filter plates and a Promega
Vacman vacuum manifold for filtrations. 32P-ATP was eluted from charcoal
with pyridine as described (Pham et al., 2007). For metal substitution assays
the mix was made without Mg2+ and treated with Chelex 100 for 30 min at
4C to remove trace metals and supplemented with 0.9 mMMnCl2. All assays
were replicated four times and duplicate assays were performed to improve
the accuracy of regression coefficients.
Thermofluor Stability Assays
We add 4 mM of enzyme and a 4:5000 dilution of Sypro Orange dye to the
20 mM HEPES, 50mM NaCl2 (pH 7.0) buffer. We titrate each mutant with
appropriate concentrations of Tryptophan, [ATP] + 1mM MgCl2, [ATP] +
1mM MgCl2 + 2mM Tryptophanamide (TrpNH2), and tryptophanyl-5-
Sulfoamyl AMP (SAM). The four ligand combinations were heated from 25C
to 95C in 384-well plates. We measured fluorescence using an ABI 7900HT
Fast Real-Time PCR System and data were quantified with the SigmaPlot
software. The 384-well format allowed each assay to be replicated seven times
for two variants, enhancing the accuracy of estimates of the melting tempera-
ture (TM). We estimated changes in folding free energies between WT and
mutant proteins and between different states along the catalytic path from
differences in TM and the DH for denaturation, 34.4 kcal/mol, estimated by
van’t Hoff analysis of an appropriate region of a thermal melt for theWT protein
monitored with CD spectroscopy using the relationship D(DGfolding) =
DTM/TM,unliganded wild-type * DH.
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